Introduction
[2] As has been documented previously [e.g., Hammer et al., 1980; Robock and Free, 1995; Zielinski, 2000; MosleyThompson et al., 2003] , volcanic records recovered from ice cores drilled from the polar regions provide the best means to evaluate the impact of volcanism on global climate [Robock, 2000] . Continuous long-term records of SO 4 2À concentrations [Mayewski et al., 1986 Legrand et al., 1988; Mosley-Thompson et al., 1991; Delmas et al., 1992; Zielinski et al., 1994 Zielinski et al., , 1996b Langway et al., 1995; Cole-Dai et al., 1997; Jouzel et al., 2001; Stenni et al., 2002; Castellano et al., 2004 Castellano et al., , 2005 , total acidity records from electrical conductivity (ECM) [Hammer et al., 1980; Hammer, 1983; Taylor et al., 1993; Taylor and Alley, 2004; Wolff et al., 1995; Clausen et al., 1997; Karlöf et al., 2000] , and dielectric profiling (DEP) [Moore et al., 1989; Udisti et al., 2000] methods detect the presence of volcanically produced aerosols and can be used to estimate the atmospheric loading of H 2 SO 4 , the primary climate-forcing component of an eruption Self, 1982, 1984; Zielinski, 1995] . These same records improve the overall chronological record of global volcanism [e.g., Simkin and Siebert, 1994] . Furthermore, these robust records provide a means to evaluate the volcanoclimate system under different climatic modes than presently exists, and they provide critical information on how the type or frequency of eruptions may impact climatic conditions. The climatic impact of both multiple eruptions closely spaced in time and megaeruptions (e.g., Toba eruption of approximately 75,000 years ago [Ninkovich et al., 1978; Rose and Chesner, 1987; Zielinski et al., 1996a; Oppenheimer, 2002] ) also may be different. However, deficiencies remain in the information currently available from existing ice core records of volcanism and the continued collection of highly resolved lengthy records from both Greenland and Antarctica remains a high priority for attaining a complete understanding of the volcanism-climate system. Spatial variability in the timing and magnitude of volcanic signals among cores also dictates that additional ice cores be evaluated, thereby increasing the confidence in estimates of atmospheric loading from past volcanic eruptions. The volcanic record that we present from the Siple Dome A ice core (hereafter SDMA), West Antarctica ( Figure 1 ) is a contribution to solving some of these problems.
[3] Deficiencies in the ice core volcanic records available from the two polar regions are a function of several factors. One key factor is the temporal nature of the existing ice core derived volcanic record from Antarctica. Available annually dated records from Antarctica ( Figure 2 ) only extend back to 1300 C.E. at Law Dome ice core, East Antarctica [Palmer et al., 2001] , to 1443 C.E. at Siple Station, to 1417 C.E. at Dyer Plateau drill sites [Cole-Dai et al., 1997] , and to 1113 C.E. at South Pole [Budner and Cole-Dai, 2003] . Although the length of some ice core records from Antarctica may be high (e.g., the 420,000 years covered in the Vostok record [Petit et al., 1999] or the recently recovered 740,000 years long record reported by EPICA Community Members [2004] ) the overall lower accumulation found across most of Antarctica compared to that for Greenland limits the temporal resolution of the volcanic records produced from Antarctica. SDMA is annually dated to 8,600 years before 1950 C.E. (corresponding depth for this age is 514 m) providing the resolution needed to develop an excellent volcanic record for most of the Holocene via the SDMA SO 4 2-time series. Visible annual layers were observed in the SDMA ice core to a depth of 646 m (R.B. Alley, unpublished data at http://waiscores. dri.edu) which corresponds to the 12,000 yearlong interval covered in this report.
[4] Another aspect of the volcanic record developed from Antarctic ice cores that needs improvement is differentiating among similar depositi uxes (similar measured sulfate magnitudes) derived from equatorial eruptions, from Southern Hemisphere midlatitude eruptions, and from local (Antarctic Plate) eruptions. In the Northern Hemisphere the chronology of volcanism from Iceland is reasonably well established and signals from small Icelandic eruptions that probably have little climatic impact can be identified in Greenland ice cores and separated from the more climatically significant equatorial or other midlatitude eruptions [Langway et al., 1995; Zielinski, 1995; Zielinski et al., 1995; Clausen et al., 1997; Mosley-Thompson et al., 2003] . However, this scenario does not hold true for Antarctica. The chronology of Antarctic volcanism is poorly constrained given the remoteness of the continent. Consequently, identifying an Antarctic source for a particular signal may be problematic. For instance, have signals found in Antarctic ice cores that cannot be linked to equatorial or midlatitude eruptions originated from a previously unknown eruption in those parts of the globe or are these signals from Antarctic (i.e., local) eruptions? Our work attempts to answer this question.
[5] Tephra particles from several volcanic eruptions of Central and South America were previously found in the South Pole ice core [Palais et al., 1990 which demonstrates, as expected, that volcanic products from 
certainly confirms that a volcanic cloud injected into the upper troposphere to lower stratosphere could encircle the hemisphere within 9 days [Prata et al., 2003] . Ice core and remote sensing data, as well as evidence of Patagonian origin dust found in Antarctica [Basile et al., 1997] , supports the existence of possible tropospheric pathways between the South American continent and Antarctica. Because of such atmospheric circulation patterns around Antarctica, tephra and sulfate aerosols are likely to be transported to the SDMA site from source volcanoes in South America.
[6] We developed the tephrochronology of the SDMA ice core as a means of improving the chronology of Antarctic volcanism for the Holocene as well as for improving the chronology of non-Antarctic eruptions. Ice core tephrochronology is undertaken by locating microscopic glass shards dispersed in layers of ice and by determining the chemical composition of that glass using an electron microprobe [De Angelis et al., 1985] . The composition of these tiny particles is then matched to that of a known volcanic eruption or to the composition of material originating from known volcanic centers located in ion that is likely to deposit material at the ice core site. This procedure is similar to one that was done previously for visible ash layers found in Icelandic glaciers [Thorarinsson, 1944; Self and Sparks, 1981] . A successful match verifies the source volcano and timing of the related eruption consequently refining source eruptions responsible for the volcanochemical signals. Because of the proximity of the SDMA ice core to Antarctic volcanic centers it is expected that signals from local volcanism are especially prevalent in the SDMA record. Therefore our record will greatly augment volcanic records produced from other parts of Antarctica (Figure 2 ).
Methods

Core Location, Dating, and Sampling Methods
[7] The SDMA ice core (Figure 1 ) at 81°39.53 0 S, 148°48.72 0 W, 621 m was drilled to bedrock during the 1996-1998 austral summers as part of the WAISCORES scientific program. Hamilton [2002] reports 42 year average accumulation rates at 7 sites in the range of 0.086 -0.155 m per year in water equivalent. The long-term accumulation rates can be significantly different from these measurements. The evidence from Vostok and Dome C ice cores [Ciais et al., 1994; Petit et al., 1999] show that 100% increase in snow accumulation rate is possible. The total ice depth of 1004 meters insured recovery of about a 97.5 kyr old environmental record [Brook et al., 2005] . We present only the record from the Holocene part of the core because the timescale for the 12,000 yearlong portion is developed by counting seasonal layers with several methane and tephra-based age control points .
[8] Ice handling and sampling procedures similar to those outlined by Mayewski et al. [1987] were used to insure lack of possible contamination, good sample quality, and repeatability of analyses. The inner, clean, sample melted from the 3.4 Â 2.4 cm section of the ice core down to the depth of 624 m was analyzed using Dionex DX-500 ion chromatographs yielding 2817 discrete samples for ppb (mg/L) concentrations of major ions Cl À , SO 4 2À , NO 3 À , K + , Ca 2+ , Na + , Mg 2+ . The sampling intervals of $20 cm represents approximately a resolution 2.5 years per sample at the top of the core and about 4.9 years at 624 m depth.
[9] For the tephra studies, 1963 discrete samples were cut to the depth of 213.5 m from a 2.4 Â 0.9 cm section of core. The length of these approximately annual samples varied from about 40 cm at the top to 5 cm at the end of the upper two millennia interval of the SDMA core. The remaining 2159 tephra samples from the interval 213.5 -624 m were processed with the resolution of ice chemistry samples (20 cm).
[10] Previous interpretations of the glaciochemistry data from the SDMA area, as available from shallow ice cores or snow pit samples , suggest that in addition to biogenic and continental dust components enhanced transport of marine air masses is responsible for the high concentration of sea-salt species (Na + , Mg 2+ , Cl À ). Earlier studies in Greenland and Antarctica set the methodological base for partitioning different sulfate source components from total sulfate measured in ice core samples [Mayewski et al., 1986 [Mayewski et al., , 1990 Legrand and Delmas, 1987; Legrand et al., 1988; Wagenbach, 1996; Kreutz et al., , 2000 . Several techniques exist to identify the portion of sulfate delivered from volcanic eruptions [Zielinski et al., 1996b; Cole-Dai et al., 1997; Palmer et al., 2001] . To ensure comparability with the longest developed volcanochemistry record from the Northern Hemisphere (i.e., GISP2 ice core Zielinski et al., 1994 Zielinski et al., , 1996b Zielinski et al., , 1997b , we chose to apply the same methodology used to separate the volcanic component of the sulfate signal.
[11] Detection of volcanic events in ice cores is based on the observed sharp increase in sulfate concentration, often orders of magnitude above background level, following the volcanic eruption [Zielinski, 2000; Mosley-Thompson et al., 2003] . This increase corresponds to observed trends in the stratosphere and troposphere measured by the COSPEC (correlation spectrometer) and the TOMS (total ozone mapping spectrometer] instruments [Halmer et al., 2002] . Unfortunately, the magnitude of the sulfate spike in ice cores could be the same for a relatively small, local volcanic eruption in Antarctica or a large volcanic eruption that took place in lower latitudes. Spatial variability of the signal magnitude produced by the large 1815 eruption of Tambora is reported from several Antarctic ice cores [Cole-Dai et al., 1997; Dixon et al., 2004] and was attributed to ''wind redistribution, changes in accumulation rates, and variations in the frequency and timing of snowfalls'' [Castellano et al., 2005] . In order to create a sulfate spike in the ice core glaciochemical record e quantity of sulfate must be released during the volcanic eruption, transported to the deposition site, and preserved in the transformation from snow to ice. The signal could potentially be masked by sulfate contributed during permanent quiescent degassing from moderate and relatively constant global volcanic activity, biogenic, marine, and anthropogenic sources [Halmer et al., 2002] and also by coarse sampling intervals [Zielinski et al., 1996b] . In the SDMA area over the last several hundred years all sources of sulfate appear to be relatively stable with the exception of large explosive volcanic events [Kreutz et al., , 2000 . The long-term background fluctuations in the SDMA sulfate concentration are attributed to changes in atmospheric circulation systems over the Antarctic continent, sea-salt sulfate, and biogenic sulfate sources related to shoreline migration toward the ice core site [Meyerson et al., 2006] .
[12] We used two complimentary methods to separate sulfate signals associated with large eruptions. In the first method, we removed a portion of the sea-salt sulfate (ssSO 4 2À ) from the total sulfate time series time series by using the procedure of O'Brien et al. [1995] . This technique uses all of the major ions found in the sea salt to calculate the most conservative (limiting) species. On the basis of the most conservative element the sulfate concentration is then calculated based on the known sea-salt ratio for major ions to SO 4 2À in seawater. Therefore this method allows calculation of the minimum possible sea-salt contribution and is probably more reliable for the estimation of minimum values compared for example to calculations that are solely based on the ratio of Na + to SO 4 2À [Palmer et al., 2001] . Background levels of non-sea-salt sulfate (nssSO 4 2À ) are estimated by adjusting the tension parameter of the robust spline fit curve [Bloomfield and Steiger, 1983] (Figure 3 ). With its low sensitivity to outliers, low-tension robust spline fit functions have been shown to be a good tool for calculating the background levels of sulfate in the GISP2 ice core Zielinski et al., 1994 Zielinski et al., , 1995 . All positive signals with residuals from background levels exceeding threshold values of mean (m) plus one standard deviation (1s) (Figure 3 ) are used to select sulfate spikes caused by volcanic events (Figure 4 and Tables 1 and 2). In more conservative studies only a mean plus two standard deviations (2s) of sulfate values in the time series were used to separate volcanic events [Cole-Dai et al., 1997] . Volcanic signals were detected using an outlier signal selection algorithm [Zielinski et al., 1994 Cole-Dai et al., 1997] that is based on mean and standard deviation.
[13] The second method we use to develop the volcanic event time series is based on empirical orthogonal function (EOF) analyses . The EOF analysis of glaciochemical time series allows the separation of time series of each measured ion into dimensionless orthogonal modes of variability O'Brien et al., 1995; Zielinski et al., 1997b] or empirical eigenvectors (Table 3 ). This technique is used to identify patterns of simultaneous variation and assumptions can be made that these subspaces correspond to different dynamic processes of the observed system [von Storch and Zwiers, 2001] . The interpretation of the association of the particular EOF (eigenvector) with a specific process contributing to processes captured in the SDMA ice core is based on investigation of correlations of ice chemistry species with air mass sources [Mayewski et al., 1993; Legrand and Mayewski, 1997; Kreutz et al., , 2000 Meyerson et al., 2006] . Earlier studies in the GISP2 ice core [Zielinski et al., 1995 [Zielinski et al., , 1996b [Zielinski et al., , 1997b demonstrated that EOF analyses could successfully separate volcanically delivered sulfate aerosols from other sources of sulfate.
[14] Over the studied time interval raw SO 4 2À concentrations range from 39 to 390 mg/L with a mean around 96 mg/L. The mean Cl À to mean Na + ratio for all samples is 1.87, which is very close to the sea-salt ratio of 1.86. The mean Na + value is 96.90 mg/L and mean SO 4 2À is 95.56 mg/L resulting in a Na + : SO 4 2À ratio of 1.01 (sea-salt ratio is 3.99). It is intriguing that similar ratios are observed for mean atmospheric concentrations at Halley station Antarctica [Rankin and Wolff, 2003] , which ultimately confirms that significant portions of marine aerosols are delivered to the SDMA location. , 62% of Na + , and is likely associated with sea salt. In EOF4 (6% of the total variance for the ion series) 25% of Na + is positively correlated with only 0.5% of the SO 4 2À signal. The likely explanation for this is that EOF4 sodium (and sulfate) is produced during the summer months. The observed chloride deficit can be contributed to the chloride depletion relative to sodium during the summer [see Rankin and Wolff, 2003] or postdepositional dechlorination observed in snow pits [Rothlisberger et al., 2003] . EOF3 (10% of the total variance) reveals much (47%) of the volcanic portion of SO4 2À with a small portion of the continental sulfate (positive correlation 0.19 with K + ). To exclude expected noise contributed by other sulfate sources (mainly biogenic emissions, quiescent volcanic degassing, and continental dust) only those sulfate spikes that exceed 36.33 mg/L (mean = 16.75, 1 standard deviation = 19.58) of all sulfate partitioned in EOF3 are selected as volcanic. The correlation coefficient of signals detected by robust spline and EOF methods is 0.9. Both robust spline and EOF methods detected 97 common signals. In addition, each statistical technique selected 27 separate events (Tables 1 and 2) .
[16] We calculated volcanic sulfate depositional flux for each detected volcanic event by multiplying volcanic sulfate concentrations, length of ice sample, and ice density. We did Tables 1 and 2 . Decrease in number of spikes with time, for the most part, is probably related to a decrease in sampling resolution in the deeper parts of the core. not account for annual layer thinning. The results are shown in Figure 4 and are also available as auxiliary material.
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Several studies in Greenland and Siple Dome [Kreutz et al., 2000] demonstrated that in highaccumulation sites like GISP2 and SDMA there is no influence of snow accumulation rates measured in ice cores and snow pit or ice core ion concentrations. Nevertheless, the large uncertainty in calculating of sulfate depositional flux in coastal (high accumulation) areas could potentially propagate into calculations of the atmospheric loading from volcanic eruptions.
Tephra Fingerprinting
[17] As mentioned earlier, the timing of the sulfate signal and its magnitude helps in identifying the source of a volcanic eruption. Additional information on source can be obtained by means of ice core tephrochronology [De Angelis et al., 1985; Palais, 1985; Palais et al., 1989c Palais et al., , 1990 Palais et al., , 1992 Zielinski et al., 1995 Zielinski et al., , 1997a Zielinski et al., , 1997b Zielinski and Germani, 1998; Zdanowicz et al., 1999; Basile et al., 2001; Dunbar et al., 2003] . To corroborate the validity of the volcanic time series derived from the ice chemistry record we analyze filtered particles from most of the samples adjacent to layers interpreted as volcanic using the electron microprobe. The morphology and composition of tephra particles found in the SDMA ice core allows geochemically ''fingerprint'' ] a source magmatic provenance or to identify specific volcanic eruption. Following the method of Perkins et al. [1995] , a statistical distance function is used to assess the potential correlation of tephra particles with sources. This tephra correlation method involves calculation of the ''Euclidean distance'' function, (D, in standard deviation units) representing the degree of similarity between samples. Only samples with significant number of points (4 -20 measurements) that represent similar population are used for correlation with sources.
[18] In order to select filters for the electron microprobe analysis we prepared optical slides for microscopy and scanned with an Olympus BX-40 optical microscope for the presence of tephra particles. An aliquot of the melted ice sample is centrifuged for 15 min, then 120 mL is withdrawn from the bottom and evaporated on a precleaned, preheated slide. Volcanic particles are separated from the remaining melted ice samples using 0.2 mm pore size Nuclepore (PC) polycarbonate membrane filters under a dust free laminar flow hood for a quantitative geochemical analysis using an electron microprobe. Tephra is transferred off the filter using a folded piece of double-stick tape and grains are finely polished until exposed on the mount for Cameca SX-100 electron microprobe analysis. Backscattered electron imagery (BSE) is used to select the best, microlite-free glass shards for quantitative analysis resulting in a small number of analyses for some samples. Major element composition is determined for up to 20 glass shards per sample (Table 4) . Normalization to 100% weight analytical totals is used because the effort to use the largest possible beam size for each shard can result in a small overlap between the beam and epoxy surrounding the shard, resulting in a low analytical total. An accelerating voltage of 15 kV and a probe current of 10 nA are used with peak count times of 20 s for all elements with the exception of Na (40 s), F (100 s), Cl (40 s), and S (40 s). Background counts are obtained using one half the times used for peak counts. The largest possible electron beam size, that most closely matches to individual particle diameters, is used from preset beam sizes of 25, 20, 15, and 10 microns. Beam sizes smaller than 10 microns are avoided to minimize t tilization of Na [Nielsen and Sigurdsson, 1981] which would result in low detection of Na but artificially elevated values for other elements [Morgan and London, 1996] . In limited cases, an elevated Cl content results from overlapping of the beam onto the epoxy. These anomalous Cl values are removed from the data set and Cl is not used in algorithms for ''geochemical fingerprinting.'' However, for correlation purposes, we consider that a small number of good shard analyses is preferable to a larger number of points, some of which are suspect and decrease the precision of the data. Analytical precision, based on replicate analyses of certified reference material (NBS-610), is listed in Table 4 . A number of standards, including feldspar, amphibole, and glass are run as unknowns in each analytical session to monitor calibration accuracy and interrun reproducibility.
[19] Overall, tephra-bearing horizons from SDMA contain small, angular shards. The number of shards per sample ranged widely, from many hundreds, to tens, to a single glass shard per sample. The largest shards averaged around 50 microns in diameter. The average shard size appears to be between 5 and 10 microns and overall the tephra is very well sorted, although no quantitative analysis of grain size was done. Some shards exhibit edges of bubbles and some contain microlites. Simkin and Siebert [1994 with some of the additional sources specifically shown. Calendar ages of the historical eruptions sometimes have degree of uncertainty indicated as a range of possible years. Accepted radiocarbon dates for the volcanic eruptions were recalibrated to conventional ages using Calib 4.3 calibration program intercepts method. All possible years are shown within 2s intervals [Stuiver et al., 1998 ]. The volcanic explosivity index (VEI) that was developed by Newhall and Self [1982] [20] Tephra compositions range from basanitic to trachytic to rhyolithic. Several samples exhibit a wide compositional range of as much as 10 wt % SiO 2 . However, elements within these samples covary suggesting that the shards represent a coherent population (Table 4 , SDMA-9008) that represents a distinct eruptive event rather than being a group of unrelated shards. In other cases individual shards, or several unrelated glass shards are observed in a sample (Table 4 , SDMA-2433a and SDMA-2433b), so interpretation of the sources of these shards is less clear. These shards may represent large distant eruptions, small volume local events, or may simply be windblown material. The latter interpretation is suggested by the presence of a number of other particles including feldspar, quartz, mica, and clay minerals in these samples. Tephra is also found below 624 m in the SDMA ice core (A. Gow and D. Meese, personal communication, 2003) in addition to volcanic horizons detected by a borehole data logger method [Bay et al., 2004] .
Correlation of the Detected Volcanic Signals With Source Eruptions
[21] Despite the fact that the quantitative major element composition of tephra particles in Antarctic ice cores have been reported in a number of studies only a limited number of these reports have successfully identified the source of the volcanic eruptions with a confidence level compatible to traditional studies on terrestrial tephra layers. It is common for tephra samples from ice cores to have only a few glass shards with grain sizes in a range of several microns. This limits possible analytical methods for determination of major element composition because even the most advanced microprobe instruments produce measurements that are close to the instruments detection limits. Another aspect Calendar ages of the source eruptions sometimes have degree of uncertainty indicated as a range of possible years. Radiocarbon dates for the volcanic eruptions reported in the literature were recalibrated to conventional ages using Calib 4.2 calibration program intercepts method. All possible years are shown within 2s intervals [Stuiver et al., 1998 ]. E. 393(199, 186, 184) cal C.E. 1 (VEI = 6), Simkin and Siebert [1994 . f Atacazo, Ecuador, 2s cal B.C.E. 764(403)212, Simkin and Siebert [1994 of the problem is the sparse record of Antarctic volcanism which provides only a limited number of possible eruptions for correlation with known historical eruptions. Nevertheless, a unique overwhelmingly alkaline [LeMasurier and Thomson, 1990 ] composition of Antarctic tephra helps largely in identification of Antarctic volcanic provinces.
[22] Volcanic eruptions with volcanic explosivity index (VEI) [Newhall and Self, 1982] greater than four [Halmer et al., 2002] from tropical and subtropical regions are considered as possible sources of the globally transported volcanic aerosols potentially detectable in the SDMA ice core. Although VEI does not necessarily relate to sulfur output of the resulting signal, eruptions that are big enough to warrant a VEI ! 4 are most likely to produce a signal detected in an ice core. The Smithsonian Institute reports Siebert, 2002 -2005] that South America has 122 stratovolcanoes and matches Japan with the number of most documented volcanic eruptions with VEI ! 4. Unfortunately, the historical record starts only from the eruption of El Misti volcano sometime between 1438 and 1471 C.E. Without a doubt South America can be a major source for many sulfate signals in the SDMA ice core. In a search for possible source eruptions we also compared volcanic records developed from Greenland [Zielinski et al., 1994 [Zielinski et al., , 1996b [Zielinski et al., , 1997b Clausen et al., 1997; Mosley-Thompson et al., 2003] and other Antarctic [Langway et al., 1995; Cole-Dai et al., 1997; Palmer et al., 2001; Basile et al., 2001; Stenni et al., 2002; Dunbar et al., 2003; Castellano et al., 2004 Castellano et al., , 2005 ice cores as well as with a volcanic histories of south polar regions [LeMasurier and Thomson, 1990; Smellie, 1999] .
[23] Because the dating error of sulfate signals in the SDMA ice core increases with age a confidence level for established correlations with source eruptions for each reported source eruptions is hard to estimate. It is certainly higher for signals linked to the possible source volcanic centers by tephra fingerprinting compared to eruption events correlated solely by sulfate signals found in the SDMA ice core.
Results
[24] A chronology of volcanism from the SDMA ice core for the last 12,000 years is combined from glaciochemical and tephra records (Tables 1, 2, and 4). Through our study we find that most tephra particles analyzed from the upper 600 m of the SDMA ice core are chemically consistent with a derivation from Antarctic volcanoes when compared with published source compositions [Wilch et al., 1999; Smellie, 1999 ; LeMasurier and son, 1990]. We were able to link SDMA tephra (Table 4) [Naranjo and Stern, 1998 ] volcanoes in addition to several global volcanic events from the low latitudes. Furthermore, only a few signals could be potentially linked with eruptions from New Zealand. We now discuss the most significant findings in the developed volcanological record for every 2 kyr interval chronologically over the last 12 kyr.
Time Interval 1 -1975 C.E.
[25] Ninety-one events are detected in the SDMA ice core in this interval. From four tephra layers at 1809, 1805, 1804, and 304 C.E. (Tables 1 and 4) , three layers are geochemically similar to volcanic rocks of Buckle Island and Mount Melbourne volcanic province, Antarctica. These 1809 C.E. and 304 C.E. Antarctic eruptions are also associated with large increases in sulfate levels in corresponding ice chemistry samples (Table 1) . Finding tephra particles associated with recent Antarctic eruptions is not that surprising because sporadic evidence of Antarctic volcanism were observed during brief visits in earlier days of the Antarctic continent exploration [LeMasurier and Thomson, 1990] . Two basanitic tephra layers found at shallow depths of 33.61 and 34.60 m, in the SDMA ice core were already reported by Dunbar et al. [2003] . New refined ages of 1811 C.E. and 1804 C.E. respectively, for these tephra samples are based on the latest SDMA timescale . The source volcanic centers for these tephra layers could be the Dry Valleys/Royal Society Range area where many basanitic vents are located. Alternatively, a sub-Antarctic volcanic area, such as Balleny Islands, that has produced basanitic material and has erupted recently [Wright and Kyle, 1990] could be provide potential tephra sources as well. Geochemically, no very satisfactory matches can be found for the mafic tephra found at 33.61, 34.45 and 34.6 meters in the SDMA ice core. The compositional match of the tephra with rock sampled at Balleny Islands is poor (D = 221 and 171), but analyses are of whole rock lava samples rather than the glassy component of pyroclastic material. Consequently, a good match would not necessarily be expected.
[26] We missed the Tambora event in the SDMA ice core due to heavily fractured ice but ITASE cores 01-5, 01-1, 00-4, 00-5, 99-1 collected from the region detected the sulfate signal from this eruption [Dixon et al., 2004] . The sulfate spike at 1817 C.E., associated with the Tambora event, is present in the SDM94 ice core collected north of the SDMA ice core. Because SDM94 and SDMA ice cores have a similar sulfate glaciochemical record (K. J. Kreutz and P. A. Mayewski, unpublished data, 2005) , and the cores are located only 2 km apart we are confident that the Tambora signal is present at the Siple Dome location despite the fact that it is not directly measured in SDMA glaciochemistry record.
[27] The compositionally different trachytic tephra analyzed in the SDMA ice core (sample SDMA-166 at 33.75 m depth with an age 1810 C.E.) appears to be geochemically similar to known eruption products from the Pleiades volcanic center but the Mount Melbourne volcanic center [Kyle, 1990; Worner et al., 1989 ] is also potential candidate. Timing of this local, Antarctic eruption coincides with the In cases when a mixed tephra population is found, all samples are given as opposed to the mean. Geochemical quantities are in weight percent. Analyses are normalized to 100 wt %. N equals number of analyses. Analytical precision, based on replicate analyses of standard reference materials of similar composition to the unknowns, are as follows (all in wt %): SiO 2 ± 0.47, TiO 2 ± 0.03, FeO ± 0.06, MnO ± 0.06, MgO ± 0.07, CaO ± 0.02, Na 2 O ± 0.55, K 2 O ± 0.27, P 2 O 5 ± 0.02, and Cl ± 0.07. SD indicates one standard deviation. Dai et al. [1991] to a tropical region. Probably the idea of Moore et al. [1991] that two simultaneous eruptions in the Northern and Southern Hemisphere created the 1809 signal could be a better explanation of all existing data because the volcanic record developed from the Illimani ice core (Bolivia) does not show any signal 6 years before Tambora . If it was a large tropical event and if the Tambora signal is present, we should see the unknown 1809 signal as well.
[28] Increased volcanic activity around the 1600 C.E. Huaynaputina (Peru) eruption took place in 1600 C.E. [de Silva and Zielinski, 1998; Adams et al., 2001] and is noted as a sulfate signal at 1601 C.E. The large Kuwae eruption of 1452 C.E. [Monzier et al., 1994] which is among the largest volcanic eruptions recorded in many polar ice cores [Mosley- Thompson and Thompson, 1982; Delmas et al., 1992] (see discussion by Zielinski [2000] ) probably can be correlated with the 1448 or 1450 C.E. sulfate signals in the SDMA ice core. Our preference for the 1448 C.E. sulfate spike is based on several associations of large sulfate concentrations with tephra particles from the local eruption sources observed in SDMA. Until the age for the Kuwae eruption is better constrained both fall within the dating error. We did not find any tephra particles that would help us to link the sulfate signal with the eruption sources.
[29] The Siple Dome A and B ice cores offer new information that allows different interpretation for the nature of one of the largest sulfate spikes observed in Greenland, Antarctica, and the Canadian Arctic. The 1259 C.E. volcanic signal [Hammer et al., 1980 [Hammer et al., , 1984 Langway et al., 1988 Langway et al., , 1995 Palais et al., 1992; Zielinski et al., 1995; Clausen et al., 1997; Budner and Cole-Dai, 2003 ] was previously attributed to the El Chichón eruption around 600 yr B.P. [Tilling et al., 1984] . A revised stratigraphy of the El Chichón volcano [Espíndola et al., 2000] rules out the El Chichón eruptions as a possible source for the 1259 signal. The Siple Dome B ice core (50 m from the SDMA borehole) has 1286 ± 35 years C.E. tephra that is compositionally similar to that of the Mount Melbourne volcano found at a similar depth (97.2 m) ] as a 1262 C.E. sulfate spike in the SDMA ice core. The same tephra layer is probably found at 1321 ± 25 C.E. and 1254 ± 2 C.E. respectively in Taylor [Hawley et al., 2003] and Talos Domes [Stenni et al., 2002] , ice cores, Antarctica. The high-resolution record from the SDMA ice core shows two sulfate spikes at 1259 C.E. 1262 C.E. It may be possible that a combined signal from the 1259 C.E. (tropical) and 1262 C.E. (local) events was attributed originally to the sulfate spike around 1259 C.E. If we assume that the largest, 1262 C.E., sulfate signal is associated with the Mount Melbourne eruption and the 1259 C.E. signal to the Quilotoa eruption (VEI = 6), Ecuador [Barberi et al., 1995] we can explain all of the latest data available. Comparison of available geochemical data from Quilotoa volcano [Rosi et al., 2004] and glass shard samples from South Pole and GISP2 ice cores provide less conclusive correlations but they demonstrate that the El Chichón eruption is not correct source for this event. Because the age of Antarctic tephra se to the 1259 spike we favor the idea of Moore et al. [1991] that a global increase in volcanic activity resulted in multiple moderate eruptions from globally distributed volcanoes and it created highly visible signals in ice cores from both hemispheres.
[30] The revised age for the Illopango eruption is close to the 443 C.E. sulfate signal [Dull et al., 2001] . The sulfate signal at 409 C.E. is attributed to 416 C.E. eruption of the Krakatau volcano Siebert, 2002 -2005] . A tephra layer at 182.76 m (304 C.E., sample SDMA-657) is chemically similar to the composition of trachytic lavas erupted from the summit of Mount Melbourne [Worner et al., 1989] . The tephra composition suggests that it was derived from a zoned magma chamber (Table 4) . Although no zoned eruptions are reported from Mount Melbourne the interpreted presence of a large, differentiating, shallow magma chamber at Mount Melbourne [Worner et al., 1989] suggests that a zoned eruption is physically plausible. The range of compositions observed in sample SDMA-657 (Table 4) is coincident with the range of lava compositions observed at the summit of Mount Melbourne [Worner et al., 1989] . The majority of moderate volcanic eruptions from New Zealand are not recorded in the SDMA ice core. Nevertheless one of the biggest caldera-forming eruptions (VEI = 6+) for the last 10 kyr is from Taupo volcanic center, New Zealand, around 180 C.E. Siebert, 2002 -2005] . This is a potential candidate for the sulfate signal at 176 C.E.
Time Interval 0 -2000 B.C.E.
[31] From the 35 volcanic events detected in the SDMA ice core in this interval, only four events contained tephra particles and these are found at 1334, 1783, 1805, and 1815 B.C.E. (Tables 2 and 4) . One tephra layer is geochemically close to volcanic rocks of the Takahe volcano, Antarctica ( Figure 5a ) and another tephra is probably related to the largest eruption of Mount Burney, South America. Eight sulfate signals are probably associated with South and Central American volcanic eruptions and one or, possibly two, with activity of New Zealand volcanoes (Table 2) . Sample SDMA-2433b (depth 298.53 m, age 1334 B.C.E.) is a normal calc-alkaline rhyolite. Its age is close to the large, rhyolitic, Waihimia eruption in New Zealand at 1350 B.C.E. [Froggatt and Lowe, 1990] , but the composition of the Waihimia rhyolite is distinctly different than the layers in the SDMA ice core. The most dramatic difference is in the K 2 O content, $6 wt% K 2 O in the ice core tephra and $2.8 wt % in the Waihimia [Dunbar, 1988; Blake et al., 1992] . It is unclear if tephra from New Zealand is present in this interval. At the 323.93 m depth in the core (SDMA-2565, 1783 B.C.E.), a tephra layer with a chemical composition similar to samples SDMA-9002c and SDMA-9006 (Table 4 , D of 18 and 23, respectively) is observed. Although no eruptive event of this age has been recognized at this volcano we suggest that Mount Takahe may be the source of this tephra layer. The increased activity of the volcano may have produced an increase in sulfate at 1779 B.C.E. The chemical composition of SDMA 2571 (depth 325.12 m, age 1805 B.C.E.) sample has some similarity with tephra from Mount Burney (R. Kilian, personal communication, 2003) , located in southern Chile. Glass from Mount Burney contains distinctly low K 2 O [Kilian et al., 2003] . The age estimate of the closest known eruption of Mount Burney is cal 2306?120 B.C.E. based on peat growth rates and several radiocarbon dates [Kilian et al., 2003 ]. This tephra is compositionally similar to the Mount Burney volcano but the large age difference between ages leaves linking this layer to the eruption of Mount Burney volcano problematic. Nevertheless, there is no known large eruption from Mount Burney volcano with similar ages so we suggest that further work must be conducted on correlation with Mount Burney eruptions.
3.3. Time Interval 2001 -4000 B.C.E.
[32] Ten volcanic signals, including a single tephra horizon geochemically similar to the BIT-302 tephra layer [Wilch et al., 1999] collected near Mount Berlin, Antarctica, were found in this interval.
3.4. Time Interval 4001 -6000 B.C.E.
[33] Fifteen glaciochemical volcanic signals, but no tephra, were detected in this interval. The number of possible candidates from the record of global or South American eruptions that potentially can be linked with the SDMA sulfate record is quite limited from this time interval. The only possible identified source of volcanic sulfate at 5601 B.C.E. is one of the largest Holocene eruptions of Cerro Hudson volcano, Chile around 5590 B.C.E. [Naranjo and Stern, 1998; Haberle and Lumley, 1998; Kilian et al., 2003] . Another potential candidate for this eruption is a sulfate signal at 5607 B.C.E.
Time Interval 6001 -8000 B.C.E.
[34] Only eight volcanic events, five of which have visible tephra layers identified during the visual inspection of the SDMA ice core by A. Gow and D. Meese (unpublished data, 2003) , were found from this interval. Four tephra layers are geochemically close to Mount Takahe and Mount Berlin volcanoes. One tephra layer and one sulfate signal probably came from South American volcanoes.
[35] Two visible tephra layers found at depths of 503.58 m (sample SDMA 9002c, Table 4 ) and 503.87 m (sample SDMA 9006, Table 4 ) with corresponding ages 6217 and 6231 B.C.E., respectively, correlate both chemically ( Figure 5a ) and chronologically with an episode of known volcanic activity of Mount Takahe volcano. The same tephra was probably detected in the Byrd core based on a reported ice flow modeled age of 7.5 kyr B.P. [Palais et al., 1988] and 39 Ar/ 40 Ar age of 8.2?5.4 kyr B.P. [Wilch et al., 1999] . Reanalyzed near-source pumice from this eruption compared with the tephra found in the SDMA ice core yields correlation D values between 11 and 14. Although these values are slightly outside the range that would ideally be considered to be robust correlations, the loss of Na during analysis of the very small particles found in the ice core may be responsible for the discrepancy.
[36] The 7756 B.C.E. tephra layer found at a depth of 550.02 meters (Sample SDMA 8004, Table 4 ) is chemically similar to tephra derived from Mount Berlin, West Antarctica. Although no exact chemical matches are found, the tephra layer shows a chemical affinity to a lava flow from the summit of Mount Berlin and to a set of tephra found at Mount Moulton (Figure 5b ). The SDMA 9007 layer (depth 539.01 m, age 7405 B.C.E.) is chemically zoned, from calcalkaline dacite to rhyolite, but is distinctly iron-rich and also chemically zoned, thus not compatible with derivation from a New Zealand eruption. This tephra may be the result of an unreported South American eruption.
3.6. Time Interval 8001 -10,000 B.C.E.
[37] Nine volcanic events, including two visible tephra layers (A. Gow and D. Meese, personal communication, 2003) were found in this interval. One visible tephra layer geochemically close to Mount Berlin, Antarctica and another visible layer close to the tephra from Cerro Hudson volcano, Chile were found. The andesitic tephra layer at 9216 B.C.E., in terms of chemistry and chronology, may correlate with an eruption from Cerro Hudson, Chile [Haberle and Lumley, 1998; Naranjo and Stern, 1998 ]. The composition of the material from this Cerro Hudson eruption shows some chemical differences from this tephra, but it contains a distinctly high concentration of FeO, CaO, and low K 2 O. The glass sampled in SDMA-9008 may be a slightly different phase of the eruption than those sampled by Haberle and Lumley [1998] . Tephra deposited from this eruption has only been recorded in the lake region to the west of the volcano suggesting an unusual transport pattern (C. Stern, personal communication, 2005) . It is possible that a rather abnormal wind direction at the time of the eruption could account for the fast injection of the tephra cloud into the polar vortex around the Antarctic and rapid transport of the tephra particles to the SDMA ice core location. Another tephra layer with an age of 9346 B.C.E. is similar to the tephra composition at 7756 B.C.E. also derived from Mount Berlin, West Antarctica ( Figure 5 ).
Frequency of Volcanic Eruptions in the Holocene
[38] The developed SDMA volcanic records provide estimates of volcanic activity over the studied interval. Observed fluctuations in the number of volcanic eruptions per century in the SDMA ice core compared with other volcanic records appear in Figure 6 . Episodes of increased activity can be traced in several ice cores. The large increase in the number of volcanic events are recorded in the early part of the Holocene period in the GISP2 ice core as a result of deglaciation of the Northern Hemisphere [Zielinski et al., 1996b] is not observed in the SDMA ice core. Nevertheless, we do see an increase in the number of visible tephra layers from Antarctic volcanoes around 7000 B.C. (Table 2 ). The link between volcanic activity and climate as a function of accumulated ice volume on the continents, lithosphere loading, and sea level change postulated by Rampino et al. [1979] has been corroborated by ice core records from Greenland [Zielinski, 2000] . As reported by Castellano et al. [2004 Castellano et al. [ , 2005 an increase in the number of volcanic eruptions for the last 2000 years is also observed in the SDMA ice core. We also observe gradual decrease in number of volcanic signals with depth. The detection of volcanic signals in the GISP2 ice core is different for highand low-resolution time series [Zielinski et al., 1996b] .
Ramifications of the New SDMA-Derived Volcanic Record
[39] The detection of volcanic sulfate and tephra particles in the SDMA ice core provides a new 12,000 yr record of local, Antarctic, South American, New Zealand, and tropical eruptions. This volcanic record enhances the long-term history of Antarctic volcanism and highlights the importance of combining visual observations, simple optical microscopic examination of filtered samples, and ice chemistry measurements in the search for and interpretation of volcanic layers in ice cores.
[40] Tephra fingerprinting identified sources of tephra particles contributed by previously unknown Holocene eruptions of Mount Melbourne, The Pleiades, Balenny Island, Mount Berlin, Mount Melbourne and Mount Takahe volcanic centers (Antarctica), in addition to tephra layers possibly associated with Cerro Hudson and Mount Burney [Chile) volcanic eruptions. Detection of tephra layers from South American sources in the SDMA ice core provide new insights into the nature of atmospheric pathways from South America to Antarctica and the activity of the circumpolar vortex. Tephra fingerprinting also confirms historical observations that many Antarctic volcanoes are active and could be responsible for sulfate and tephra emissions on the continent. It certainly broadens recent assumptions [Cosme et al., 2005] that the only presently active volcano in Antarctica responsible for sulfate pollution is Mount Erebus.
[41] Evaluation of sulfate spike signatures associated with the tephra in the SDMA volcanic record reveals specific patterns for Antarctic volcanic eruptions in the sulfate signal magnitude and the sulfate signal rate change. The ice chemistry samples adjacent to tephra layers from Mount Berlin, Mount Takahe, Mount Melbourne, Pleiades (East Antarctica), South Sandwich Islands, and Bransfield Strait volcanoes overall show associations with the large sulfate signals detected by both robust spline and EOF methods. In the SDMA ice core we observed a complex, nonlinear relationship between the magnitude of the eruption and the sulfate signal. Two sulfate signals at 1809 and 304 C.E. associated with tephra from Antarctic volcanoes show that local volcanic eruption uce one of the largest sulfate spikes in the record, with residuals above 99 mg/L and EOF3 values above 73 mg/L. A close look at the results from the robust spline and EOF methods (Tables 1 and 2 ) reveals several differences in how both methods select volcanic signals. Not all volcanic spikes are always detected by both methods. We found that in the SDMA data set the robust spline technique is less sensitive to a smooth increase of sulfate concentrations over the several years usually observed during large tropical volcanic eruptions. It resulted in relatively moderate residual values for volcanic sulfate from tropical volcanic eruptions but these are also complicated by the abundance of biogenically produced sulfate related to the low elevation of the SDMA ice core site. In contrast, the EOF method takes into account changes in ice chemistry over the measured spectrum of all six ions over time (depth) in the ice core. An increase in sulfate species partitioned only in EOF3 is probably more likely associated with volcanically produced sulfate. It appears that future studies of the signatures of volcanic aerosols preserved ice cores should help to identify different modes of transport to the deposition area. Thus it should be possible to separate volcanic aerosols transported from Antarctic volcanic centers from volcanic products delivered via the stratosphere from tropical volcanoes based on glaciochemical signatures.
[42] We suggest that it is important to conduct tephra sampling in order to confirm volcanic events in sulfate based volcanic records, especially for ice core sites located close to the ocean with complex sulfate pathways and chemical cycles. Because the SDMA ice core is located close to the coast, we expect that the stratospheric component of the sulfate time series is mixed with a biogenic sulfate component transported by air masses from the sea [Meyerson et al., in press] and with volcanic aerosols associated with the same eruptions but transported via the troposphere. Our findings of a visible tephra layer from Mount Hudson volcano offer new light on possible tropospheric transport of volcanic products from the South American continent to the SDMA site in the past. Further Figure 6 . Comparison of the number of eruptions per century detected in the SDMA ice core with those found in the EPICA Dome C [Castellano et al., 2004 [Castellano et al., , 2005 , Plateau Remote [Cole- Dai et al., 2000] ice cores from Antarctica, and GISP2 ice core [Zielinski et al., 1996b [Zielinski et al., , 1997b from Greenland. Please note the increase in the number of volcanic signals in the last 2000 years in all ice cores.
work is needed to understand this transport and possible separation of stratospheric and tropospheric sources in response to different climate forcing impacts.
[43] To implement a better algorithm for the separation of volcanic sulfate from other sources future fundamental work on sulfate sources and mechanisms of transport must be continued. Similar conclusions are drawn for future work on detection and analyses of the composition of the volcanic particles from low latitudes that are transported to the polar regions via the stratosphere. Better methods and analytical techniques for detection, sampling, and analyses have to be developed in order to provide robust tephra fingerprinting of these particles for reconstructing the source of volcanic eruptions. At this stage the SDMA volcanic record is a good example of the potential application of ice core based tephra fingerprinting because it helps to reconstruct the history of Antarctic volcanism. Once it is fully developed, we should be able to use it to separate sulfate spikes associated with local, Antarctic sources from signals that potentially can be linked with tropical and subtropical volcanic centers.
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